Transcription of amyloplast DNA in a heterotrophic line of cultured cells of sycamore (Acer pseudoplatanus L.) appeared to be greatly suppressed. A mutant cell line obtained from the heterotrophic line is green and autotrophic.
factor 1 (atpA, -B, and -E), the apoprotein of P700 (psaA), and ribosomal protein S4 (ips4) but not the genes for 16S rRNA and the 32-kDa QB protein (psbA) in the original line, whereas no methylation was observed in the green line. The genes for which methylation was not detectable were found to be active as templates for in vitro transcription by Escherichia coli RNA polymerase, but the methylated genes were apparently inactive. Methylation of DNA is a likely mechanism for the regulation of expression of amyloplast DNA in sycamore cells.
Methylation of DNA is one of the modes of DNA modification that may be important in its biological functions (1) . Varying patterns of methylation of nuclear DNAs in higher plants have been reported (2) (3) (4) . There is evidence that transcriptional activities of some vertebrate genes are closely related to reduced levels of methylation (5) , with some exceptions (6) . In the case of plants, it has been reported that methylated sites in genes are demethylated in correlation with their expression (7) . However, methylated DNA is not usually found in chloroplasts, except for the case of Chlamydomonas reinhardtii (8) , in which the role of DNA methylation is not known (9) .
We previously reported (10) that amyloplast DNA isolated from a heterotrophic line of cultured cells of sycamore (Acer pseudoplatanus L.) contains sequences homologous to genes for the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (rbcL), the 32-kDa quinone-binding (QB) protein (psbA), the apoprotein of P700 (psaA), subunits of chloroplast coupling factor 1 (CF1) (atpA, -B, and -E), and 16S rRNA (16S rDNA). Furthermore, blot analyses ofelectrophoretically fractionated total cellular RNA showed the presence of transcripts for only the 16S rDNA and psbA in the heterotrophic cells (11) . Transcription of amyloplast DNA in this line appeared to be greatly suppressed, whereas chloroplast DNA of the autotrophic cell line, a mutant ofthe original line (12) , was extensively transcribed (11) . We report here that the transcription of plastid DNA in the heterotrophic cell line is regulated by selective modification of the DNA.
MATERIALS AND METHODS
Cell Culture. The white wild line of sycamore was grown in a liquid medium by supplementation with sucrose and 2,4-dichlorophenoxyacetic acid as described by Bligny (13) . The green mutant line (B line) of sycamore, which was originally selected by Lescure (12) , was grown without 2,4-dichlorophenoxyacetic acid under continuous illumination with fluorescent light (2000 lx) at 250C.
DNA Preparation. Amyloplasts were prepared from the wild line and chloroplasts were prepared from the green autotrophic line at the exponential growth stage by a published procedure (11) . Amyloplast and chloroplast DNAs were purified by two CsCl gradient centrifugations, according to a published procedure (10) .
Determination of DNA Base Composition. The purified DNA was hydrolyzed in sealed glass tubes with 90% (vol/vol) formic acid (1 ptl/lxg of DNA) at 1750C for 30 min and subjected to analysis of base composition by reversedphase high-performance liquid chromatography (HPLC) (14) . A Shimadzu LC-6A HPLC system was employed in combination with a reversed-phase column, uBondapak phenyl (300 x 3.9 mm, Waters Division of Millipore), which was placed after a Guard-Pak precolumn (Waters Division of Millipore). Elution was carried out with 6.5 mM NH4H2PO4, pH 4.0/4% (vol/vol) methanol at a flow rate of 1 ml/min at 250C. Eluates were monitored at 254 nm. Standard bases were obtained from Sigma. DNA Probes. For identifying genes and their transcripts, the following plasmids containing maize chloroplast DNA sequences cloned in Bogorad's laboratory (15) were employed: pZmc461 for ribulose-bisphosphate carboxylase/ oxygenase large subunit (rbcL), pZmc427 for 32-kDa QB protein (psbA), the 0.6-kilobase-pair (kbp) HindIII fragment of pZmc527 for the a subunit of CF1 (atpA), pZR4876 for the 13 and e subunits of CF1 (atpB and -E), pZmc556 for the apoprotein of P700 (psaA), pZmc747 for ribosomal protein S4 (rps4), and pZmc532 for 16S rDNA. DNA probes were labeled in vitro by using [a-32P] of RNase inhibitor from human placenta (Takara) (16) . For the isolation of radioactive transcripts, the template DNA was digested with 4 units of RNase-free DNase (RQ1 DNase, Promega Biotec, Madison, WI) for 15 min at 370C, and the RNA was collected by ethanol precipitation after phenol extraction, with the use of sonicated salmon sperm DNA (20 .ug) as a carrier. Plasmids containing maize chloroplast DNA sequences (100 ng ofinsertion DNA fragments) were digested with restriction enzymes, electrophoresed in a 0.7% agarose gel, transferred to GeneScreen (New England Nuclear), and tested for hybridization with the radioactive transcripts.
RESULTS
Methylation of Amyloplast DNA. In attempting to account for the difference between the two plastid DNAs, we first compared their restriction patterns. DNA fragments produced by EcoRI digestion of amyloplast DNA (Fig. 1, lane 1 ) and chloroplast DNA (lane 2) were indistinguishable. We then studied the nature ofmethylation in the plastid DNAs by pairs of methyl-sensitive and -insensitive restriction enzyme isoschizomers. The digestion patterns of amyloplast and chloroplast DNAs were identical except with the isoschizomers BstNI and EcoRII ( Fig. 1 , lanes 11 and 12). It is established that EcoRII cannot cleave the 5' CCWGG 3' sequence (where W = A or T) when the internal cytosine residue is 5-methylcytosine (17). However, BstNI, an isoschizomer of EcoRII, is known to cleave DNA methylated at the cytosine residue in 5' CCWGG 3' (17), and indeed the enzyme cleaved amyloplast DNA completely. To ensure that the partial digestion with EcoRII was not an artifact, pBR322 as an internal standard was mixed with the amyloplast DNA preparation and digested with EcoRII (Fig. 2) . The pBR322 was not thoroughly methylated even though it was prepared from E. coli HB1O1 (which is not dcm -), since the same restriction profiles were observed by digestion with EcoRII and BstNI (Fig. 2, lanes 1-4) . Amyloplast DNA was partially digested by EcoRII, whereas pBR322 was completely digested by both of the enzymes (Fig. 2) . Therefore, the partial 1 2 By contrast, the absence of methylation at one of the two cytosine residues in 5' CCGG 3' sequences was supported by the identical restriction patterns obtained with another pair of isoschizomers, Msp I and Hpa II (Fig. 1, lanes 3-6) . The absence of N6-methyladenine in 5' GATC 3' sequences was supported by the identical patterns ofdigestion obtained with the isoschizomers Mbo I and Sau3A (lanes 7-10).
Amyloplast and chloroplast DNAs were completely hydrolyzed and subjected to base analysis by reversed-phase HPLC (Fig. 3) . In amyloplast DNA, a variety of modified bases was present, comprising as much as 10.24 mol % ofthe plastid DNA (Table 1) , corresponding to 29,020 methylated bases in one molecule of the plastid DNA (283,400 bases, 141,700 bp). In chloroplast DNA, on the other hand, no methylated bases were detected except for 3-methylcytosine, which was present at 1/10th the level found in amyloplast DNA (Fig. 3 and Table 1 ). The G + C content of sycamore plastid DNA was =38 mol %, consistent with that of chloroplast DNA from higher plants (18) .
Identification of Methylated Loci. To determine the distribution ofmethylated bases in amyloplast DNA, we subjected the DNA digested with EcoRII and BstNI to blot hybridization with gene probes prepared from maize chloroplasts (15) (Fig. 4) . Except for the psbA and 16S rDNA probes, which hybridized with the same fragments generated by EcoRIl and BstNI, the other probes, specific for the genes rbcL, atpA, atpB, atpE, psaA, and rps4, hybridized with different fragments produced by EcoRII Highly purified amyloplast DNA (5 ,ug) after complete acid hydrolysis. (C) Chloroplast DNA (5 ,ug) after complete acid hydrolysis. Absorbance scales are the same in A-C. Flow rate was 1 ml/min. Peaks are identified as follows: 1, cytosine; 2, 3-methylcytosine; 3, 5-methylcytosine; 4, 1-methyladenine; 5, guanine; 6, thymine and 3-methyladenine; 7, adenine; 8, 1-methylguanine; 9, N2-methylguanine (6-hydroxy-2-methylaminopurine); 10, 7-methylguanine; 11, N6-methyladenine (6-methylaminopurine); x, void volume of column; y, an unidentified compound.
clease-digested plasmids containing specific maize chloroplast DNA sequences. As shown in Fig. 5 , the genes rbcL, atpA, atpB, and atpE, whose transcripts were not detected in the white wild cell line (11) and around which DNA was methylated (Fig. 4) , were not transcribed in the in vitro Fig. 3 . The number of moles was calculated by standardization of each peak area relative to that ofthe standard base. The mol % values and numbers of bases in one molecule of the plastid DNA are given. UD, undetectable, <0.02% (57 bases). The total base number, 283,400 (141,700 bp), was calculated from the physical map of sycamore plastid DNA (i.N. and H.K., unpublished data). The unidentified species "y" in Fig. 3 is not included here, since the molar number could not be estimated.
system. On the other hand, psbA and 16S rDNA, which were transcribed in the cell line (11) and hardly methylated (Fig. 4) , were transcribed in vitro.
DISCUSSION
Amyloplast DNA was heavily modified with a variety of methylated bases as demonstrated by the reversed-phase HPLC ( Fig. 3 and Table 1 ). The internal cytosine residue of several 5' CCWGG 3' sequences was shown to be methylated by digesting the DNA with isoschizomers ( Figs. 1 and 2) . Furthermore, genes containing the methylated cytosine res- In lane 7, multiple fragments were generated, and the shortest one contains atpA. DNAs were blotted and hybridized with the radiolabeled products of in vitro transcription. The presence of specific transcripts was detected by autoradiography.
idue or located near the residue-i.e., rbcL, atpA, atpB, and atpE (Fig. 4) -were inactive as templates in the in vitro transcription (Fig. 5) . We previously reported (11) that the transcripts of psbA and 16S rDNA were detectable in the white cell line of sycamore, whereas the transcripts of rbcL, atpA, atpB, atpE, and psaA were barely detectable. From the overall findings, it may be inferred that the plastid DNA is intensively methylated in the single-copy region outside of psbA and that the methylation is involved in suppression of transcription of rbcL, atpA, atpB, atpE, psaA, and rps4 (Fig.  6 ). Concerning the template activity of amyloplast DNA, we have already shown that several regions of the DNA are potentially active as templates in in vitro transcription (see figure 2 in ref. 16) . From the results of Fig. 5 , we propose that these loci are outside of rbcL, atpA, atpB, and atpE but encode genes expressed in vivo, such as psbA and 16S rDNA. In vertebrates, 5-methylcytosine is present mainly in CG dinucleotides (5) at 0.9-1.7 mol % of total bases in DNA (19) . In higher plants, 5.0-10.0 mol % of bases in nuclear DNA are thought to be 5-methylcytosine (19) , which is abundant in CG and CWG sequences (2) . Bacterial DNA contains less than 0.62 and 0.55 mol % 5-methylcytosine and N6-methyladenine, respectively (19) . Although the mechanism oftranscriptional regulation mediated by these methylated residues has not been generalized (20) , the interaction between DNA and nuclear proteins is thought to be influenced by DNA methylation in vertebrates (21) . Since promoter sequences of plastid genes are composed of consensus sequences in E. coli promoters (22) , the regulation in the bacterium is of interest. The effect of dam methylation-i.e., N6-methyladenine in 5' GATC 3' sequences-in E. coli cells has been examined in the promoter regions of the bacterial genes dnaA (23), sulA (24) , and trpR (25) , the bacteriophage Mu gene mon (26) , the bacteriophage P1 gene cre (27) , and the TnJO transposase gene (28) and in the coding sequences of the bacterial genes bla and tet (29) . A direct interaction between RNA polymerase and methylated DNA has been argued in dam methylation of dnaA (23) . In contrast to these studies, we identified three additional modified bases other than 5-methylcytosine and N6-methyladenine, among which 5-methylcytosine was most abundant (4.87 mol % of the total bases; Table 1 ). Nothing is known about the interaction between 5-methylcytosine-containing DNA sequences and plastid RNA polymerases. However, we observed the selective inhibition of in vitro transcription of highly purified amyloplast DNA, which is heavily methylated, by E. coli RNA polymerase without any supplementation with cellular extracts (Fig. 5) . These findings must be explained by the direct interaction between the RNA polymerase molecule and a DNA region containing some of the modified bases.
It may be argued that our findings represent a special case in artificially cultured plant cells. In response to this question, we have analyzed DNA in chromoplasts of ripening tomato fruits in comparison with that in chloroplasts from both green premature fruits and green leaf tissues (30) . It is known that the level of transcripts for most photosynthetic components in tomato chromoplasts is much lower than that in chloroplasts in premature tomato fruits (31, 32) . We have found by HPLC analysis of base composition that chromoplast DNA, like amyloplast DNA, is heavily methylated (unpublished data), and we have detected the presence of a methylated cytosine residue in 5' CCGG 3' sequences in the single-copy region excluding psbA in chromoplast DNA, but not in leaf chloroplast DNA (30) . The mechanism of transcriptional regulation proposed in this communication is expected to be common in the transcription of plastid DNAs in nonphotosynthetic tissues.
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